Chromosome 1p32-p31 deletion syndrome (OMIM #613735) involving the Nuclear factor I/A (NFIA) gene is characterized by corpus callosum hypoplasia or defects, hydrocephalus or ventricular enlargement and urinary tract defects. 1 Only six cases of this contiguous gene-deletion syndrome have been reported in the literature. [1] [2] [3] [4] [5] Additionally, Lu et al. 1 reported two patients showing a similar phenotype, but with balanced translocations breakpoints in the NFIA gene. 6 These authors also demonstrated ventricular enlargement, callosal agenesis and urinary tract defects in homozygous Nfia − / − mice and heterozygous Nfia +/ − mice. 1 Recently, Rao et al. 7 reported a case exhibiting a similar phenotype with an intragenic deletion in the NFIA gene, but no structural chromosomal abnormalities detected by CGH microarray. Although haploinsufficiency of the NFIA gene is considered the main contributor to the phenotype of this chromosome 1p32-p31 deletion syndrome, the evidence is not conclusive because no single nucleotide variant (SNV) in the NFIA gene has been identified and chromosomal rearrangements including deletion or translocation could have a position effect disturbing the proper expression of the neighboring genes.
We herein report on a case of an individual showing interhemispheric cysts, ventricular enlargement, callosal agenesis and urinary tract defects, and carrying a heterozygous de novo frameshift mutation in the NFIA gene. These findings provide further strong evidence that haploinsufficiency of the NFIA gene is a main contributor of 1p32-p31 deletion syndrome, and the NFIA gene has a fundamental role in development of brain as well as urinary tract.
This study was approved by the institutional review board of Nagoya City University Graduate School of Medical Sciences.
The proband is a 5-year-old boy with no family history of the relevant diseases. Callosal agenesis was suspected from the 28th gestational week of the fetal period. The boy was born by cesarean section on the 41st gestational week due to enlargement of the head circumference and post-term pregnancy. His Apgar score was 9 at 5 min post partum, his weight was 3180 g (+0.4 s.d.) and his head circumference was 38.2 cm (+3.3 s.d.). No apparent external malformations were observed. Head magnetic resonance imaging (MRI) on the third day of life revealed interhemispheric cysts, ventricular enlargement and callosal agenesis; however, he was in good general condition. Regarding his developmental milestones, he was able to hold his head up by 4 months and started walking without support at 1 year and 3 months. He was observed speaking meaningful words at 2 years and 1 month, showing a slight delay in language, and his intelligence quotient at 4 years measured by the Tanaka-Binet Intelligence Scale was 75. No epileptic seizures have been observed to date, although electroencephalogram detected sharp waves in the frontal head area at 11 months. A follow-up MRI at 4 years revealed polymicrogyria in the right frontal lobe, while the size of the interhemispheric cysts, longitudinal cerebral fissure and ventricular system remained unchanged (Figures 1a,b ). Although no abnormal signals were observed in the spinal cord in a spine MRI carried out at 5 years, cystectasia and left hydronephrosis were observed. A voiding cysturethrogram performed at 5 years showed bilateral grade IV vesicoureteral reflux ( Figure 1c ). His current head circumference is 56.1 cm (+3.8 s.d.) showing nonprogressive enlargement of head circumference. He showed only a little dysmorphic facial features including mild macrocephaly, high forehead, and thin upper lip ( Figure 1d ).
We performed a whole-exome sequencing on the proband and his parents (Figure 2a ). To do this, genomic DNA was extracted from peripheral blood using the QIAamp DNA Blood Midi Kit according to the manufacturer's instructions (Qiagen, Tokyo, Japan). Three micrograms of DNA was sheared into 150-200-bp fragments using the Covaris DNA Shearing service (Covaris, Woburn, MA, USA). To capture the exonic DNA, we used the SureSelect XT Human All Exon V5 capture library (Agilent Technologies, Santa Clara, CA, USA). We then constructed a sequence library using the SureSelect XT Target Enrichment System for Illumina Paired-End Sequencing Library kit (Agilent Technologies), and performed DNA sequencing of 100-bp pairedend reads by using the Illumina HiSeq 2000 sequencer (Illumina, San Diego, CA, USA). On average, we obtained 5.85 Gb of sequence reads. The sequencing data was mapped to a reference genome (GRCh37/hg19) using Burrows-Wheeler Alignment tool (ver.0.6.1; http://www.bio-bwa.sourceforge.net/), and the average read depth of targeted regions was 67.5. Variant calling was performed using SAMtools (ver.0.1.16; http://www.samtools. sourceforge.net/) and GATK (ver.1.6; http://www.broadinstitute. org/gatk/) software. To identify the disease causative mutations, we excluded known variants found in public databases (dbSNP138, 1000 Genomes Project, and NHLBI ESP6500) and a control in-house database (154 Japanese individuals of normal and other diseases control), except for those also identified as pathogenic mutations in the NCBI ClinVar (http://www.ncbi.nlm. nih.gov/clinvar/) and HGMD databases (http://www.hgmd.org/). We focused on non-synonymous SNVs, insertions and deletions (indels), and splice-site variants (Figure 2b) . This analysis revealed a heterozygous frameshift mutation (c.1094delC; p.Pro365-Hisfs*32) in the NFIA gene (NM_001134673.3), which is absent in his parents, indicating that the mutation arose de novo (Figure 2c ). The mutation was confirmed by Sanger sequencing (Figure 2d ). This deletion led to an open reading frameshift that introduced an early stop codon which truncated 114 aminoacids. Consequently, a truncated NFIA protein is generated by this mutation.
The NFIA gene has four transcriptional variants in human. Functional significance of each isoform has not been clarified. Only isoform 2 lacks an alternative exon downstream of the identified deletion site (Supplementary Figure a) . The c.1094delC mutation would create protein truncation in each isoform. To examine the expression level of each transcript PCR with reverse transcription reaction was performed by using RNA isolated from normal human brain tissues (adult cortex, cerebellum, spinal cord and fetal brain). NFIA isoform 2 transcript was less predominant compared with isoforms 1, 3 and 4 ( Supplementary Figure b) . Therefore, the c.1094delC mutation would induce more effects on longer isoforms 1, 3 and 4 than on isoform 2, and the exon of deletion site and/or next exon which are used in all wild-type isoforms as translation regions would have an important role in NFIA protein.
Three molecular mechanisms are known to cause the complex central nervous system malformation syndrome associated with the NFIA gene: (1) interstitial deletion of chromosome 1p32-p31 involving the NFIA gene; (2) translocations of chromosome 1p32-p31 involving the NFIA gene; and (3) intragenic deletion in the NFIA gene. Nine cases (6 deletions, 2 translocations and 1 intragenic deletion) of this syndrome have been reported to date, 1-7 with corpus callosum hypoplasia or defects and hydrocephalus, ventricular enlargement and developmental delays observed in all cases. Urinary tract defects, tethered spinal cord and type 1 Chiari malformation were also observed in six, four and three cases, respectively. Additionally, abnormal facies and marble skin have been reported. The present case showed ventricular enlargement, callosal agenesis, urinary tract defects, mildly dysmorphic facial features and an intelligence quotient in the borderline range. Thus, our case showed virtually the same phenotype as 1p32-p31 deletion syndrome. Since the single nucleotide deletion detected in our case is not likely to cause a position effect affecting surrounding genes, it indicates that haploinsufficiency of the NFIA gene is a major determinant of this syndrome.
A truncating mutation in the NFIA gene was previously reported in one patient with autistic spectrum disorder (c.112C4T; p.R38*), 8 but detailed clinical information was not available. Since urinary tract involvement is easily missed, it is conceivable that this previous patient may have the same phenotype, and comprehensive evaluation of the patient might uncover the underlying defects.
The NFIA gene encodes a member of the nuclear factor I (NFI) family of transcription factors. 9 NFI proteins control a range of key processes in central nervous system development including axon guidance and outgrowth, glial and neuronal cell differentiation, and neuronal migration. 10 Additionally, these molecules regulate midline glia formation in the cortex 11 and gliogenesis within the spinal cord. 12 Thus, NFI functional defects could result in abnormal brain formation, especially in midline structures, and spinal cord defects leading to neurogenic urinary tract dysfunction and defects. Interestingly, haploinsufficiency of the NFIB and NFIX genes, which belong to the same NFI family, also cause callosal agenesis, [13] [14] [15] and missense mutations in the NFIX gene cause Sotos-like syndrome. 14, 16 Our case also demonstrated prominent macrocephaly, which is a major feature of Sotos syndrome. Therefore, mutations in NFI family genes may give rise to similar clinical presentations that encompass callosal agenesis and macrocephaly.
In our case, identification of the mutation by whole-exome sequencing led us to identify urinary tract defects in the presymptomatic period, and untreated higher grades of vesicoureteral reflux may have resulted in renal scar formation. 17 Therefore, whole-exome sequencing can be a powerful tool in clinical practice for early diagnosis of congenital disorders.
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